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replicated the original experiment: 
SCRs to the CS+ were significantly 
greater than for the CS– (p < 0.05; 
Figure S2), and correlated negatively 
with state anxiety. On day 2, however, 
SCRs to the CS+ and CS– no 
longer differed. Unlike conscious 
fear learning, which is known to 
persist over time [5], fear acquired 
nonconsciously is thus subject to 
rapid forgetting. 
Previous attempts to investigate 
nonconscious conditioning (for 
example, [8]) used backward masking 
to suppress briefly-presented 
stimuli from awareness. However, 
the methodological limitations 
of masking (see Supplemental 
Information), as well as insufficiently 
rigorous measures of awareness 
used in past studies [3], have left 
the question of whether a new 
fear association can be learned 
nonconsciously unresolved. Here we 
used CFS to suppress long-duration 
CSs from awareness reliably (as 
assessed by both objective and 
subjective measures), and found 
that although the overall magnitude 
of nonconscious fear learning is 
comparable to conscious learning, 
it is characterized by a distinct 
temporal pattern. Conscious fear 
developed progressively over time, 
whereas nonconscious fear was 
acquired rapidly and declined swiftly. 
The mechanisms underlying 
conscious and nonconscious 
fear conditioning may thus fulfill 
complementary roles: The initial 
orienting response that allows a 
stimulus to be associated with 
threat may not require awareness, 
but the long-term retention and 
expression of such learning does. 
Both conscious and nonconscious 
conditioning likely involve the 
amygdala, a brain region critical for 
the acquisition and expression of fear 
[9]. The amygdala plays a role in the 
automatic detection and processing 
of subliminally-presented affective 
stimuli [4], but has a tendency to 
rapidly habituate, especially to 
emotionally-laden stimuli [10]. Such 
habituation may, in turn, prevent the 
formation of a stable fear association, 
which might lead to rapid forgetting 
in the absence of other processes 
that involve awareness. The neural 
mechanisms that distinguish 
learning with and without awareness 
are thus fertile ground for further 
investigation.
Supplemental Information
Supplemental Information includes 
two figures and supplemental experi-
mental procedures and can be found 
with this article online at doi:10.1016/
j.cub.2012.04.023.
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The evolution of the mitochondrion 
has involved the remodelling of the 
two membranes that enclose this 
organelle. During the transformation 
of the endosymbiotic bacterium into a 
genetically dependent organelle, the 
flow of proteins across the membranes 
reversed. This change is reflected by 
the distinct sets of protein transport 
machinery that operate in bacterial and 
mitochondrial membranes [1]. One of 
the exceptions is a b-barrel assembly 
machine, Sam50, a member of the 
Omp85 superfamily of proteins, which 
has been retained in the mitochondrial 
membranes. Other core components 
of mitochondrial translocases, such 
as Tom40 in the outer membrane and 
the Tim17 family of proteins in the 
inner membrane, cannot be directly 
related to any bacterial proteins. 
Two studies by Pusnik et al. recently 
showed that the mitochondrion of 
Trypanosoma brucei was found to be 
devoid of the essential Tom40 channel 
[2]; instead, it was found to contain 
an essential protein called the archaic 
translocase of the outer mitochondrial 
membrane (ATOM) that was directly 
linked to bacterial YtfM proteins, 
which are members of the Omp85 
superfamily [3]. Thus, it was suggested 
by Pusnik et al. that ATOM and 
Tom40 represent mutually exclusive 
functional analogues of distinct origins 
[3]. We analysed the ATOM amino 
acid sequences to identify homology 
to known protein families and to 
determine the phylogenetic distribution 
of the closest relatives of ATOM. 
Surprisingly, our results clearly refute 
the link between ATOM and bacterial 
Omp85-like proteins. Moreover, we 
propose that ATOM is, in fact, a 
divergent form of the ‘classical’ Tom40.
Tom40 and members of the 
Omp85 superfamily are b-barrel 
transmembrane proteins [4]. They 
form the rigid channels in the outer 
membranes of bacteria, plastids 
and mitochondria, where they 
guide substrates across or into the 
membrane. The pore-forming b-barrel 
structure does not require a precise 
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Figure 1. The ATOM is divergent Tom40.
(A) A graphical output of the HHpred search of the conserved domains database (cd_01Nov11) using the T. brucei ATOM sequence as the query 
with default parameters set. The best hit was a Tom40-specific entry (cd07305). The length of the homologous stretch indicates the conservation 
of the overall structure. No domains characteristic of Omp85 or Omp85-like families, which would indicate similarity between ATOM and Ytfm, 
were found. The full output in text format can be found in the Supplemental Information. (B) The modelled evolution of the mitochondrial outer 
membrane protein translocase as proposed by Pusnik et al. [3]. The ATOM translocase was derived from a bacterial Ytfm Omp85-like protein, 
and it was present in the last ancestor common to all eukaryotes. ATOM has been retained by the early branching trypanosomatids, but it was 
replaced by Tom40 in the lineage leading to all other eukaryotes. (C) Our model for the evolution of the mitochondrial outer membrane protein 
translocase proposes that an ancestral Tom40 was present in the mitochondria of the last common eukaryotic ancestor and that the ATOM 
proteins of trypanosomatids represent divergent Tom40 homologues.composition of amino acid residues, 
meaning that the bioinformatic 
analyses of proteins with large 
evolutionary divergences cannot rely 
on pairwise sequence algorithms 
such as BLAST. In these cases, 
hidden Markov model (HMM)-based 
sequence analyses have proven to 
be more sensitive and specific and 
have led to the identification of Tom40 
homologues even in the anaerobic 
unicellular eukaryotes that were 
previously considered to be ancestral 
amitochondriate organisms [5–7]. 
We used HHpred to search the 
alignment-based databases of 
conserved domains, such as the 
CDD, PFAM and SMART databases, 
using the T. brucei ATOM sequence 
as query [8]. For all of the conditions 
tested, we were unable to demonstrate 
any relationship between ATOM and 
the YtfM proteins in these domain 
databases. Moreover, the Tom40 
protein family was consistently found 
as the best hit for the ATOM query 
(Figure 1).
To find the ATOM homologues 
among other trypanosomatids, we searched the genomic data available 
at TriTrypDB (http://tritrypdb.org/
tritrypdb/). Using BLAST searches, 
close homologues of ATOM were 
identified in all Trypanosoma and 
Leishmania species. We further found 
an ATOM homologue in the genome 
of Endotrypanum monterogeii, an 
organism closely related to the 
Leishmania clade, a parasite of the 
sloth. When searching the Pfam 
database, the Leishmania and 
Endotrypanum sequences were 
recognized to contain a Porin_3 
domain representing eukaryotic Tom40 
and VDAC sequences with significant 
e-value support between 0.0015 
and 0.2 (Figure S1 in Supplemental 
Information). No connections between 
the ATOM and YtfM proteins were 
found using this method.
The protein sequence alignment 
of nine available ATOM sequences 
revealed the presence of a conserved 
motif in the last b-strand. This motif 
functions as a sorting signal for 
mitochondrial b-barrel proteins when 
taken up by the SAM complex. A 
different signal was described for bacterial b-barrel proteins such as  
YtfM [4] (Figure S1).
The Omp85 superfamily has two 
signature domains — the carboxy-
terminal b-barrel domain and the 
amino-terminal POTRA domain(s) — 
that participate in the assembly of the 
substrate precursor proteins. If ATOM 
were related to YtfM, the presence of 
residual POTRA domain(s) in ATOM 
would provide some support for its 
relationship to the Omp85 superfamily. 
Such support is found in plastids, 
where the outer membrane translocase 
Toc75 of the TOC translocon retained 
its POTRA domains [4]. However, 
neither we nor Pusnik et al. [3] were 
able to identify significant similarity 
between ATOM and POTRA domain 
sequences.
The absence of Tom40 in 
trypanosomes has been considered 
a primitive trait, i.e., suggesting that 
trypanosomes diverged from the 
eukaryotic tree of life before Tom40 
arose. The presence of ATOM would 
provide additional support for the 
primitive character of kinetoplastid 
mitochondria and, as such, would 
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ATOMs and YtfMs was further 
visualized using CLANS [4]. Since 
YtfM is found in the a-proteobacteria, 
from which mitochondria evolved, one 
prospect was that the ATOM evolved 
from the YtfM in the endosymbiont’s 
outer membrane. A second model for 
the evolution of the ATOM allowed 
for the possibility of a lateral gene 
transfer (LGT) early in the evolution 
of mitochondrial protein transport. 
We also raised a third model that 
holds Tom40 and ATOM evolved from 
a common ancestor. These models 
proposed in the original paper [4], are 
summarized in Figure 1. We remain 
open-minded on which model best 
explains the evolution of the pathway 
for protein translocation across the 
outer mitochondrial membrane.
In their correspondence, Zarsky 
et al. [5] argue that the ATOM is not 
related to YtfM-type Omp85 proteins, 
but is exclusively similar to the Tom40 
family of proteins and that the ATOM 
evolved from a Tom40 progenitor. This 
is an attractive idea in the sense that 
it would be a unifying theory, with the 
implication being that all eukaryotes 
simply have a Tom40 translocase in 
their outer mitochondrial membrane, 
with some more easily recognized 
than others. However, two important 
observations need also be kept in mind.
Firstly, using HMMs based on the 
broad diversity of Tom40 sequences, 
ATOM was not initially detected in 
T. brucei [6]. This gives a context to 
just how divergent the ATOM and 
other Tom40 proteins are, given that 
this same type of HMM approach has 
succeeded in finding highly diverse 
Tom40 sequences in Entamoeba [7] 
and Giardia [8]. By broadening the 
search criteria with a goal to capture 
all members of the mitochondrial porin 
protein family (i.e. isoforms of Tom40 
and VDAC), Flinner et al. [9] recently 
showed that T. brucei has two further 
prospective mitochondrial porins that 
might play a role in ion transport: their 
analysis did not detect ATOM.
Secondly, the ATOM protein sequence 
has predicted secondary structural 
features that seem to be consistent with 
a POTRA-type amino-terminal domain 
(data not shown) and a predicted 
b-barrel domain of comparable size to 
other members of the YtfM/TamA-family 
of proteins. POTRA domains are not 
found in Tom40 (or other mitochondrial 
porins), which have instead a simple 
amino-terminal helix [10]. With the 
size and characteristics of the b-barrel 
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Mitochondria evolved from an 
a-proteobacterial endosymbiont 
and recent phylogenetic and function-
based research has demonstrated 
that the major pieces of the protein 
transport machinery were inherited 
from the symbiont. This includes 
the SAM machinery for assembly of 
outer membrane proteins and the TIM 
machinery for protein transport across, 
and assembly into, the mitochondrial 
inner membrane [1–3]. Hidden Markov 
model (HMM) analysis, which enables 
a broad, all-encompassing approach 
for identifying protein homologies, 
has been very important in detecting 
members of protein families that 
are not easily recognized by simple 
BLAST-based comparisons [1]; HMM 
searches initially failed to find a Tom40 
protein in one group of eukaryotes, 
the kinetoplastids. These organisms, 
which include the experimentally-
tractable Trypanosoma brucei, have 
highly developed mitochondria that 
have evolved from the same ancestor 
as mitochondria in other eukaryotes. 
The initial failure to identify a Tom40 
homolog in T. brucei was both 
surprising and exciting.
In our paper in Current Biology [4]  
we directly assayed for protein 
transport function and thereby 
discovered the archaic protein 
translocase in the outer mitochondrial 
membrane (ATOM). In seeking related 
protein sequences, using E < 0.005 
the PSI-BLAST search identifies only 
the kinetoplastid ATOM sequences. 
But, at a lower significance, a sub-
class of Omp85 protein sequences, 
referred to as the YtfM/TamA group 
(but not Tom40 sequences) are 
found and the top-scoring one was 
manually added into the first-round 
outcome from the PSI-BLAST. Multiple 
sequence alignments using the ATOM 
from T. brucei and related organisms 
suggested, albeit not at statistically 
significant levels, an affinity to a 
sub-class of Omp85 proteins referred 
to as the YtfM group, and the putative 
relationship between trypanosomatid place the root of the eukaryotic 
tree within the superior group of 
Euglenozoa or between Euglenozoa 
and other eukaryotes [9].
Our analyses show that ATOM 
represents the missing Tom40 protein 
in the mitochondria of T. brucei and of 
other trypanosomatids with no clear 
link to the bacterial proteins. Given that 
all eukaryotes analysed to date contain 
a Tom40 homologue, we propose that 
all mitochondria of current eukaryotes 
descended from an ancestral Tom40-
containing mitochondrial compartment 
(Figure 1).
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